The present study developed a new method of modifying the surface of polytetrafluoroethylene (PTFE) to increase its wettability, using low-temperature radio frequency (RF) plasma, thus lowering its contact angle and improving associated mechanical properties such as peel strength. We succeeded in generating a super hydrophilic PTFE surface with a contact angle of less than 4° using a low-temperature RF plasma generated from an argon, ammonia and water vapor mixture. During treatment, fluorine elimination was observed and hydrophilic functional groups containing oxygen and nitrogen atoms were found to bond to the PTFE surface. Simultaneously, the surface morphology was dramatically changed to obtain an effective level of roughness.
Introduction
Polytetrafluoroethylene (PTFE) is a material of significant technological interest because of its low dielectric constant, high thermal stability, thermoplastic properties and chemical inertness. It is therefore an excellent candidate for many applications, particularly in the microelectronics industry, although the chemical inertness of PTFE makes it difficult for this polymer to adhere to other materials [1] . For this reason, surface pretreatment of PTFE is essential to ensure good adhesion. Plasma treatment is widely used for this purpose since it allows surface modification without changing the bulk properties of the material [2] . A number of studies concerning the plasma modification of polymer surfaces have already been published [3] [4] [5] [6] [7] [8] [9] [10] . Recently, the surface modification of PTFE by plasma treatment using a mixture of gases has attracted a great deal of attention [4] [5] [6] [7] , and argon and ammonia plasmas have been shown to be very efficient at modifying PTFE surfaces [1, 9, 10] . In the present study, we found that a low-temperature plasma formed from a mixture of gaseous argon, ammonia and water was very effective at rendering the normally inert PTFE surface super hydrophilic. Adding water vapor to an argon/ammonia plasma was observed to dramatically decrease the contact angle on PTFE and to eventually generate super hydrophilic surfaces on PTFE films with contact angles less than 4°. Fig. 1 shows a schematic of the plasma reaction apparatus used in this study. The PTFE film was obtained from NICHIAS Co. and specimens were typically 0.1 mm thick, 12 cm long and 4 cm wide. Prior to surface treatment, PTFE specimens were placed along the inner wall of a custom-made cylindrical reaction tube. Following evacuation of the tube, a liquid nitrogen trap was installed on the vacuum pumping line to capture gases emitted from the reaction zone, as well as any oil mist coming from the vacuum pump. An ammonia water reservoir (10 w/v% ammonia in water, KENEI Pharmaceutical Co., Ltd.) was used as a convenient source of reactants and was inserted into the gas feed line. Both the volume and weight of the ammonia water were measured prior to each trial and the ammonia water vessel was immersed in a water bath held at 25 °C. With this apparatus, a reactant gas mixture consisting of argon, ammonia and water was obtained, using argon gas as the carrier bubbled through the ammonia water reservoir just prior to the inlet valve of the Pyrex pipe leading to the plasma reaction zone. During a typical trial, the argon flow rate was 24.36 mmol min -1 . The flow rates of the ammonia and water vapors were calculated using equations (1) and (2) and were found to be approximately 0.13 and 0.28 mmol min -1 , respectively.
Experimental
Here, c o and c are the initial and final ammonia concentrations in the reservoir, V o and V are the initial and final volumes and w o and w are the initial and final weights of ammonia water in the reservoir, respectively, while t is the elapsed time. The ammonia concentrations were precisely determined by neutralization titration using a standardized 0.1 N HCl solution and a 0.1 w/v% methyl red in ethanol solution as the indicator. Radio frequency (RF) radiation at 13.56 MHz was applied to the copper coil tubing wound around the outside of the Pyrex reactor tube. The typical output power used in our experiments was 100 W and the traveling and reflected powers were 100 and 0 W, respectively. The reactor tube was rotatable and the standard rotation speed used during trials was 130 rpm, to allow for uniform surface treatments. The water drop contact angles were measured with a contact angle meter (Kyowa Interface Science Co., Ltd. type CA-D), using a water drop with a diameter of 1.6 mm (ca. 2.1 l) to ensure that the effects of gravity were negligible. The micro morphological changes in the PTFE surface following plasma modification were observed by scanning electron microscopy (SEM) using a field emission (FE) scanning electron microscope (JEOL Ltd., JMS-6330F). Surface analysis of specimens was performed by X-ray photoelectron spectroscopy (XPS) with an Ulvac-Phi ESCA Quantum 2000 employing Al K monochromatic X-rays (1486.6 eV) to ascertain the proportions of various elements, as well as the chemical bonding states at the surface. Table 1 summarizes the water drop contact angle results for PTFE specimens whose surfaces were modified by RF inductively coupled plasma using various gases: oxygen (O 2 ), oxygen with water vapor (O 2 /H 2 O), argon (Ar), argon with water vapor (Ar/H 2 O) and argon with ammonia and water vapor (Ar/NH 3 -H 2 O). The contact angle of the as-received PTFE film was 118°, while the surfaces modified by O 2 and Ar plasmas exhibited 112 and 110° contact angles. It is conceivable that these slight decreases in the contact angle resulted from a decreased fluorine density at the surface due to fluorine elimination by plasma-activated species. The surface chemical properties thus appeared to change following treatment and become closer to those of graphite, which has a water drop contact angle of ca. 90°, because of the elimination of fluorine atoms from the PTFE surface by the O 2 Fig. 4 shows XPS wide survey spectra acquired over the range of binding energy values from 0 to 1300 eV with a pass energy of 117.40 eV, a step size of 1.000 eV and an accumulation time of 10.00 minutes using Al K radiation with a beam diameter of 100 m. Figs. 4(a) and (b) present the spectra of the as-received PTFE and PTFE treated with the Ar/NH 3 -H 2 O plasma (the same specimens as shown in Figs. 3(a) and (b) ). Treatment with the Ar/NH 3 -H 2 O plasma was followed by a remarkable reduction in the intensity of the fluorine peaks and the simultaneous formation of oxygen and nitrogen bonds at the specimen surface. These chemical changes were responsible for transitioning the hydrophobic surface of the PTFE to a hydrophilic state. Table 2 lists the atomic ratios based on carbon atoms (F/C, O/C and N/C) at the PTFE surface before and after treatment with the Ar/NH 3 -H 2 O plasma. The atomic concentration of fluorine was remarkably decreased, while the carbon concentration was increased. These data suggest that fluorine elimination reactions, including abstraction by ions, radicals and excited neutral species generated in the plasma from ammonia and water molecules, occurred to a significant extent. Consequently, the PTFE surface had a relatively high proportion of carbon atoms: 61.7 at%. At the same time, ionic and/or radical reaction sites were generated at the surface to bond hydrogen, oxygen and/or nitrogen, thus generating hydrophilic functional groups. In this manner, the value of F/C was decreased from 2.07 to 0.31, and the values of O/C and N/C were increased to 0.21 and 0.10, respectively. Fig. 5 shows the C1s high-resolution spectrum of the super-hydrophilic PTFE specimen 
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(b) compared with the spectrum of as-received PTFE (a), both acquired over a binding energy range from 278 to 298 eV with a pass energy of 23.50 eV, a step size of 0.050 eV and eight accumulated sweeps. The as-received spectrum consists of a single intense peak having Gaussian symmetry and centered at 292.2 eV, attributed to the repeating CF 2 moieties. In contrast, the PTFE surface treated with the Ar/NH 3 -H 2 O plasma generated a very complex C1s spectrum with peaks in the binding energy region below 292.2 eV, attributed to the modified PTFE structure described above. This complex C1s spectrum could be well fitted with nine constituents, as shown in Fig. 5(b) , and the binding energies and associated functional groups are listed in Table 3 . The Ar/NH 3 -H 2 O plasma treatment evidently yielded diverse chemical binding states (C* in Table 3 ) as a result of C-F bond scission and consecutive reactions at the PTFE surface. The most prominent groups were C*-C, C*=C, C*-H, C*-N, C*-O and -(CH 2 -C*F 2 ) n -.
Surface morphological changes
As the Ar/NH 3 -H 2 O plasma caused chemical changes at the surface of PTFE, it also brought about a hundred nanometer scale morphological change at the surface, as shown by comparing the SEM images in Figs. 6(a) and (b), acquired at 5.0 kV electron acceleration voltage and 50,000 times magnification. In contrast, the Ar/H 2 O plasma caused little morphological change at the surface (Fig. 6(c) ) and little decrease in the water drop contact angle. The Ar/NH 3 plasma generated a more rugged morphology on the hundred nanometer scale ( Fig. 6(d) ) in the same manner as the Ar/NH 3 -H 2 O plasma, although the resulting surface details were obviously different. This plasma also gave a contact angle of 69°. These morphological observations are very helpful when discussing the super-hydrophilic property of the surface. According to Wenzel [3] , the wetting properties of a material are determined Ref. [9]
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[11] [11] by two factors: the surface energy and the surface roughness. It is very interesting to find that the Ar/NH 3 -H 2 O plasma modifies the PTFE to simultaneously vary both factors.
Conclusion
Improved wettability is desirable with regard to increasing the adhesive properties of a polymer surface. According to the Wenzel model [3] , the wetting properties of a material are determined by two factors, the surface energy and the surface roughness, and so wetting can be tuned by controlling these characteristics. In this study, we found that an Ar/NH 3 -H 2 O plasma can provide this tuning, simultaneously generating a hydrophilic chemical structure and effective morphological roughness on PTFE surfaces and thus readily changing the highly hydrophobic surface to super hydrophilic. 
